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Abstract
Thin Eu0.9La0.1TiO3 (ELTO) films were deposited on the substrates SrTiO3
(STO) and ((LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) using an off-axis geometry
sputtering technique. Sputter parameters were optimized to obtain smooth
films. In contrast to previously reported results in the literature, the films
show insulating or high-resistance behavior with no signature of the
anomalous Hall effect (AHE). Possible explanations of such behavior were
discussed. Several experiments were performed to enhance the conductivity
of the thin ELTO films. As a result of these experiments, it was shown that by
growing 10 unit cells of LaAlO3 on the top 2 unit cells of ELTO on STO it is
possible to prepare films with a metallic behavior, which also exhibit a
signature of AHE.

CONTENTS
1 Introduction to Perovskite Oxides 1
2 Theory 3
2.1 Anomalous Hall Effect (AHE) 3
2.2 EuTiO3 (ETO) 4
2.2.1 Bulk properties 4
2.2.2 Film properties 6
2.2.3 La-doped ETO 8
2.2.4 A different phase of ETO 10
3 Methodology 13
3.1 Substrates 13
3.1.1 SrTiO3 Substrates 13
3.1.2 LSAT Substrates 15
3.2 Off-axis Sputtering 17
3.3 X-ray diffractometer 18
3.4 Magnetotransport measurements 20
4 Results and Discussion 23
4.1 Optimizing sputter parameters 23
4.1.1 Thin ELTO films on STO substrates 23
4.1.2 Thin ELTO films on LSAT substrates 27
4.1.3 Study of enhancement of conductivity in ELTO films. 29
4.1.4 LAO/ELTO thin films on STO 31
4.2 Magnetotransport measurements 32
5 Conclusion 35
5.1 Outlook 36
Appendix 43
v

CHAPTER 1
INTRODUCTION TO PEROVSKITE
OXIDES
In 1986, Bednorz and Muller discovered a high temperature superconductor perovskite,
(La,Ba)2CuO4 [1]. This discovery enhanced the interest to study the perovskite oxides.
Nowadays, perovskite oxides is a highly active field of research. There is a variety of
materials which belong to the perovskite oxides. The possibility of engineering their
electronic and magnetic properties, for example by doping, make perovskites espe-
cially interesting [2]. Figure 1.1 shows some of those perovskite oxides which are fer-
romagnetic, ferroelectric or superconducting. New properties could be created by dop-
ing the perovskite structure with different kind of ions. Even more, a layer of LaAlO3
(LAO) deposited on SrTiO3 (STO) creates a quasi-2D electron system (q2DES) [3]. The
interface of LAO/STO is conducting, while LAO and STO itself are band insulators.
This is an example of a conducting interface of two perovskite oxides. Furthermore,
an electric-field-tunable spin-polarized and superconducting q2DES can be created by
delta doping the LAO/STO interface with a few atomic layers of the antiferromagnetic
band insulator EuTiO3 [4]. The interface of LAO/ETO/STO orders ferromagnetically
(TC = 6− 8 K) and therefore exhibits the anomalous Hall effect (AHE). This AHE can
be tuned by controlling the electric field. One of the possible explanations for the obser-
vation of the AHE is the intermixing of La between LAO and ETO, a layer of La-doped
ETO is formed. The La-doped ETO films are of interest in this thesis.
Takahashi et al. (2009) investigated the La-doped ETO films before [5]. They even
found a way to control the anomalous Hall effect (AHE) inside these films, by changing
the doping percentage. In this thesis, the AHE is mainly used to detect ferromagnet-
ism. Takahashi et al. used a pulsed laser deposition technique, which is the most used
technique for depositing perovskite oxides [2]. In figure 1.2, an atomic force micro-
scope image of a thin La-doped ETO film on LSAT is shown, which was deposit with
the pulsed laser deposition technique by Shkabko et al. (2013) [6]. The deposited film
is very rough as can be seen in the atomic force microscope image. In this thesis, we
are interested in growing the La-doped ETO films with an off-axis geometry radio fre-
quency magnetron sputtering technique. This off-axis sputtering technique is reported
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Figure 1.1: Perovskite oxides have a broad
spectrum of functional properties. When
doping, new properties can arise. For ex-
ample, La-doped SrTiO3 is superconduct-
ing, Sr-Doped LaMnO3 orders ferromag-
netic, and much more. So when doping
EuTiO3 with La, a ferromagnetic ordering
arise. (Adapted from Zubko, et al., 2011,
[8])
Figure 1.2: This is an atomic force micro-
scopy scan of a thin ELTO films deposited
by pulsed laser deposition on LSAT. The
steps are not sharp, and the film is rough.
The scan size area is 2 µm by 2 µm. (Adap-
ted from Shkabko, et al., 2013, [6])
to be able to deposit monolayers of e.g. PbTiO3 and SrTiO3 over larger areas [7].
This project will be mainly based on the results of the work of Takahashi et al.
(2009). One imported difference is the technique used for depositing the thin ELTO
films on both STO and LSAT. Deposition of La-doped ETO with the off-axis sputter-
ing technique has not yet been reported in the literature. Therefore, optimizing of the
growth parameters (sputtering time, reactive gas (O2,Ar,N2), substrate temperature
and pressure inside the chamber) is required to obtain homogeneous and atomically
flat Eu1−xLaxTiO3 (ELTO) films. In this project, a target with a doping percentage
of x = 10% is used. ELTO films with a 10% doping percentage are reported to be
ferromagnetic at low temperatures and conducting at room temperature [5]. Magneto-
transport measurements were performed on the deposited thin ELTO films to compare
these film properties with the results in the work of Takahashi et al.. The anomalous Hall
effect will mainly be used in order to determine the ferromagnetic behavior of the thin
ELTO films.
2
CHAPTER 2
THEORY
In this chapter, the theoretical background information about the anomalous Hall effect
(AHE) and the structure of perovskite oxides will be provided. The origin of the AHE
will be briefly discussed. Previous theoretical and experimental studies on EuTiO3 and
La-doped EuTiO3 will be discussed in detail for bulk crystals as well as for thin films.
2.1 Anomalous Hall Effect (AHE)
The Hall effect occurs when an electric current is deflected by a magnetic field due
to the Lorentz force. As a result, a Hall voltage is produced, and an electric field is
induced. The Hall coefficient RH is defined as the ratio of the induced electric field Ey
and the product of the current density jx and the external applied magnetic field Bz.
For non-magnetic metals, this is equal to
RH =
Ey
jxBz
= − 1
ne
, (2.1)
where e is the elementary charge, and n is the carrier density. However, when Edwin
Hall did similar experiments using ferromagnetic materials, he discovered an even
stronger effect. This is now known as the anomalous Hall effect (AHE). The AHE will
modify the given equation of the Hall resistance. Pugh and Lippert (1932) established
an empirical relation between the Hall resistivity ρxy, magnetic field Hz and the mag-
netization Mz
ρxy = R0Hz + RsMz , (2.2)
where R0 is the ordinary Hall coefficient and Rs is the anomalous Hall coefficient
[9, 10]. In literature, there is no general theory which describes the anomalous Hall
coefficient Rs, since the anomalous Hall coefficient was found to mainly be depend
on the longitudinal resistivity ρxx which is a material dependent property [9]. The
anomalous Hall coefficient Rs has three main contributors: (1) an intrinsic contribu-
tion which is mainly dependent on the band structure and the scattering-independent
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Berry-phase mechanism; (2) skew-scattering mechanism, where charge carriers are
scattered by phonons and spin waves; and (3) a side-jump effect, where quasi-particles
are scattered by spin-orbit coupled impurities [9]. The intrinsic contribution contrib-
utes to the Hall resistivity ρxy proportional to ρ2xx. The skew-scattering mechanism
contribute to Hall resistivity by ρxy ∼ ρ2xx + aρxx, with a constant a. And the side-jump
mechanism, add a contribution to the Hall conductivity which is mainly independent
on the strength of the scatters [9].
According to the extraordinary Hall effect theory described in the paper of Izumi
et al. (1997), who investigated the AHE inside the perovskite SrRuO3, the anomalous
Hall coefficient Rs is related to the longitudinal resistivity ρxx
Rs = aρxx + bρ2xx . (2.3)
The first coefficient a is the skew scattering coefficient and the second term b is the side-
jump scattering coefficient [11]. However, the intrinsic contribution is not described by
this formula. In this thesis, the deeper underlying physics is not relevant for this project
and will therefore not be discussed in detail. The AHE is mainly used to confirm the
ferromagnetic behavior of the thin ELTO films. Two signatures of the AHE are, (1) in
magnetotransport measurements, hysteresis in the magnetization as a function of the
magnetic field should be observed, and (2) a positive y-intersection must be observed
in the linear fit of the second linear part of the Hall resistivity as a function of the
magnetic field, as seen in the inset of figure 2.5.
2.2 EuTiO3 (ETO)
2.2.1 Bulk properties
EuTiO3 (ETO) belongs to a family called the perovskite oxides. The general crystal
structure of a perovskite oxide is ABO3. In figure 2.1 the crystal structure of ETO is
shown. The Eu2+ ion is located at the center and therefore occupies the A-site of the
perovskite. The Ti4+ ion is located at the corners (B-site), and the O2− ions are loc-
ated between the Ti ions. The lattice constant a of ETO is 0.3905 nm [12, 13], which is
equivalent to the distance between the nearest neighbors of Eu. ETO has a simple cu-
bic structure and belongs to the space group Pm3m [13, 14], therefore the next-nearest
neighbor distance is 0.5523 nm. ETO has 6 nearest neighbors and 12 next-nearest neigh-
bors.
As mentioned before, Eu is divalent (2+) and Ti is tetravalent (4+). This is some-
what special since in other rare earth perovskite titanates (RTiO3), where the rare earth
element R as well as the Ti ions are trivalent [15]. The divalent Eu ion has a stable 4f7
electron configuration. As a result of this stable 4f electrons, there are no itinerant elec-
trons in the 3d conduction band of the Ti ions. Therefore, ETO is a band insulator [16].
4
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Figure 2.1: This is a schematic overview of the crystal structure of EuTiO3 (ETO). ETO has
a cubic structure with a lattice constant of 0.3905 nm [12]. The Eu2+, Ti4+ and O2− ions are
represented by the big black, small black and white dots, respectively. The exchange interac-
tion values between the nearest neighbors and next-nearest neighbors are given by J1 and J2,
respectively. (Adapted from McGuire et al., 1966, Ref. [17].)
Furthermore, the Eu moments (S = 7/2) orders antiferromagnetically at a Ne´el temper-
ature of 5.5 K [17–19]. This magnetic ordering is caused by the Eu 4f spins, which has
a saturation moment of 7µB per Eu ion [5]. Hu et al. (2014) have confirmed that ETO
is a G-type antiferromagnet [20]. For the G-type antiferromagnetic ordering, every
nearest neighbor orders antiferromagnetically with respect to each other, and every
next-nearest neighbor order ferromagnetically (see figure 2.2). However, by increasing
the volume of ETO, the ground state switches from the G-type antiferromagnetic state
to a ferromagnetic state [14], which is an interesting property. The transition between
antiferromagnetic and ferromagnetic ground state will be discussed in the subsection
Film properties.
The exchange interaction values of the Eu ions between the nearest neighbors J1
and next-nearest neighbors J2 are -0.037 K and 0.069 K [19], respectively. This indicates
the G-type antiferromagnetic behavior. The negative J1 is expected to be caused by the
domination of the 4f-5d charge transfer by the nearest neighbors Eu2+ ions [17]. The
Ne´el temperature TN in combination with the exchange interaction values result in a
positive Curie-Weiss constant of θ = +3.17. ETO is one of the few antiferromagnetic
materials which has a positive Curie-Weiss constant [18].
Another remarkable feature of ETO is that it shows an anomaly in the temperature
dependency of the dielectric constant e [19]. The dielectric constant first increase with
decreasing temperature, then saturates around 30 K at a value of e ∼ 400, which is an
anomalously high dielectric constant [19]. Then, a sharp transition is observed around
the Ne´el temperature of ETO, and after that the dielectric constant rapidly decreases
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Figure 2.2: This is a schematic overview of the G-type antiferromagnetic and ferromagnetic
ordering. The arrows indicate the up or down state of the electron spins. ETO is reported to be
a G-type antiferromagnet. (Adapted from Ranjan et al., 2007, Ref. [14]).
with decreasing temperature. Since the anomaly of the dielectric constant takes place
at the magnetic ordering temperate of ETO, studies [13, 15, 16] were done in order to in-
vestigate a possible coupling between the dielectric constant and magnetism. Wu et al.
(2004) gave a theoretical explanation for the sharp decrease of the dielectric constant
[15]. They have found a magnetoelectric coupling interaction based on the Heisen-
berg spin Si at the Eu site, the pseudospin operator δk for the electrical subsystem and
the coupling coefficient g between the magnetic and electric parameters of the form
−gδzkδzl (Si · Sj). In the framework of the transverse-field Ising model, this coupling
modifies the pseudospin interaction in ETO, and therefore causing the sharp decrease
of the dielectric constant at the Ne´el temperature [15].
2.2.2 Film properties
Many magnetic and electric properties of perovskite oxide films differ from the prop-
erties of the bulk material [21]. A remarkable feature of thin ETO films is the ferromag-
netic ordering induced by epitaxial strain. Studies [13, 22, 23] were done to investigate
the influence of epitaxial strain in thin ETO films on the magnetic and electric order-
ing. Epitaxial strain arises due to a lattice mismatch between the substrate and the
deposited film. It is possible to use a large amount of epitaxial strain in the thin films,
whereas using this amount of strain would crack the bulk material. It was found that
there is a minimum of strain required to obtain a ferromagnetic ETO film [13]. The epi-
taxial strain due to the mismatch between the substrates STO and LSAT and the ETO
film is not enough to create ferromagnetic ETO films. However, using the substrate
DyScO3, the epitaxial strain becomes large enough to induce ferromagnetism [22, 23]
(see figure 2.3). Even more, by inducing epitaxial strain Fennie and Rabe (2006) pre-
dicted that the ETO films become not only ferromagnetic but also ferroelectric, while
bulk ETO is reported as a quantum paraelectric at low temperatures [19]. This ferro-
electric behavior is experimentally observed by Lee et al. (2010) [22]. A material which
exhibits multiple ferroic properties is called multiferroic. Until now, ETO is one of the
6
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Figure 2.3: (a) Epitaxial strain is induced by a lattice mismatch between the substrate and
the ETO film. A large enough strain results in a ferromagnetic-ferroelectric (FM-FE) ground
state instead of the antiferromagnetic-paraelectric (AFM-PE) ground state. (b) The structure
of unstrained bulk ETO (similar to figure 2.1). And (c), the effect of epitaxial strain on the
structure of ETO. The lattice constant of ETO is adjusted to the lattice constant of the substrate.
Therefore, the lattice constant of ETO is shorted perpendicular to the surface of the substrate.
(Adapted from Lee et al., 2010, Ref. [22]).
strongest known multiferroic. Is has a large ferromagnetic moment of ∼ 7 µB/Eu and
a strong electric polarization of ∼ 10 µC cm−2 [22]. These values are several orders of
magnitude higher than other known ferroelectric-ferromagnetic materials [22].
There is a great interest in these multiferroic materials, especially in ETO where the
magnetization and the polarization are strongly coupled. The coupling between the
magnetization and the polarization is called the magnetoelectric effect. Fennie and Rabe
(2006) predicted that there is an intermediate region of epitaxial strain in ETO which
results in a strong coupling between the magnetization and polarization [13]. In this
intermediate region, the magnetic and electric phase can be controlled by applying an
electric and magnetic field, respectively. Meaning, ferromagnetism could be turned on
when applying an electric field. Ryan et al. (2013) experimentally achieved the switch-
ing of the ground state from antiferromagnetic to ferromagnetic in strained ETO films
on a LSAT substrate by applying an electric field [23]. This is a huge achievement since
it was never been possible to turn on ferromagnetism by applying an electric field [2].
This is an important milestone which is believed to be useful for spintronics applica-
tions such as spin memory devices [2, 13].
Kugimiya et al. (2007) reported a ferromagnetic behavior in epitaxial ETO films on
SrTiO3 (STO) deposited by a pulsed laser deposition technique [24]. This is somewhat
surprising since the lattice constants of STO and ETO match perfectly. Therefore, no
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epitaxial strain should be induced. It turned out that the deposited ETO film are oxy-
gen deficient which is causing the epitaxial strain. Due to the oxygen deficient strained
ETO films, the ETO films orders ferromagnetically [24]. Kugimiya et al. found that these
magnetic properties are similar to La and Gd-doped ETO films, they both interact fer-
romagnetically by the Ruderman–Kittel–Kasuya–Yoshida interaction between the Eu
localized spins and the Ti ions [24]. In this project, we are interested in the magnetic
properties of La-doped ETO films as discussed in the next subsection.
2.2.3 La-doped ETO
Since one of the possible explanations for the observation of the anomalous Hall effect
(AHE) in LAO/ETO/STO, is the intermixing of La ions between LaAlO3 (LAO) and
ETO. In this project, we are interested in the study of La-doped ETO films deposited
with an off-axis sputtering technique. Furthermore, we are also interested in the mag-
netic and magnetotransport properties of these Eu0.9La0.1TiO3 (ELTO) films. Doping
with La means replacing the Eu2+ ions by La3+ ions. Since the La ion is trivalent, the Ti
ion becomes also trivalent. Bulk and film properties of ELTO were investigated before
by Katsufuji et al. (1999) [16] and Takahashi et al. (2009) [5], respectively. They found
that if the doping percentage is high enough, ELTO becomes a conducting material
which shows a metallic behavior in bulk and thin films (see figure 2.4 and 2.5 for bulk
and film ELTO, respectively). This conductivity is induced by the trivalent La, since
due to doping with La, itinerant electrons are introduced into the triply degenerate t2g
orbitals of the Ti 3d states [16].
Bulk and epitaxial thin ELTO films are reported to order ferromagnetically at a tem-
perature of TC = 8 K [5, 16]. The resistivity-temperature graph in figure 2.4 shows a
sharp kink at the Curie temperature. La-doped STO is shown as a reference, since this
system is similar to La-doped ETO except for the magnetic ordering. The ferromagnetic
ordering in the ELTO is caused by the t2g states of the Ti 3d electrons which interact
ferromagnetically with the localized 4f spins of the Eu ions by the Ruderman-Kittel-
Kasuyu-Yoshida interaction [5, 16]. Takahashi et al. also reported that this system is a
quite unique spin-polarized system where the Eu spins mainly contribute to ferromag-
netism and the Ti 3d electrons to the metallic conduction, which makes this material
suitable for anomalous Hall effect (AHE) research [5]. They even achieved to control
the AHE by tuning the doping percentage of La. They found a critical carrier density of
2.4 · 1020 cm−3, corresponding to a 4% La-doped ETO film. As seen in the inset of figure
2.5, the ELTO film shows a signature of the AHE above the critical density indicating
its ferromagnetic behavior. However, there is an optimum percentage of doping, since
LaTiO3 (x = 1) is reported to be an antiferromagnetic (TN ≈ 140 K) Mott insulator
[25, 26]. Therefore, a 10% doped ETO target is used in order to obtain ferromagnetic
conducting films with a simple band structure near the conduction band bottom [5].
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Figure 2.4: The resistivity as a function of
temperature for bulk ELTO. A kink is ob-
served at the ferromagnetic ordering temper-
ature TC = 8 K. La-doped STO is shown as
a reference. The inset shows the resistivity of
undoped ETO. (Adapted from T. Katsufuji and
Y. Tokura, 1999, Ref. [16]).
Figure 2.5: In the main panel, the anomal-
ous Hall resistivity (ρAH) as a function of the
carrier density for ELTO films on LSAT at a
temperature of 2 K. The inset shows the Hall
resistivity as a function of the magnetic field.
The film exhibits a signature of the AHE if the
second linear part has a positive ρAH (red line
in the insert, x = 0.04). (Adapted from Taka-
hashi et al., 2009, Ref. [5]).
In figure 2.6 the temperature dependence resistivity under different strength of
magnetic field is shown for bulk ELTO. Without applying a magnetic field, with de-
creasing temperature between 30 K to 8 K, the resistivity shows a slight increase, and
then at TC = 8 K a sharp decrease. However, when applying a magnetic field this kink
is smoothed out and a negative magnetoresistance appears [16]. The inset in figure
2.6 shows the magnetic field dependence of the resistivity at 9 K. These behaviors are
universal features for ferromagnetic compounds which have a strong magnetoelectric
coupling [16]. The same behavior is reported by Takahashi et al. in thin epitaxial ELTO
films [5].
The crystal structure of ELTO is similar to ETO since the only difference is the ex-
change of Eu ions by La ions. Bulk ELTO has also a simple cubic structure. Due to
doping with La, the lattice constant of ELTO is slightly higher (0.3909 nm [27]) than
ETO (0.3905 nm) [16]. Despite the fact that the radius of the doped La3+ (0.1032 nm)
ions is smaller than the Eu2+ (0.117 nm), the lattice constant increases with increasing
doping percentage. This is mainly caused by the larger ionic radius of the Ti3+ (0.0670
nm) compared to Ti4+ (0.0605 nm) [27].
The structure of ELTO thin films depends strongly on the used substrate, since the
lattice constant of the deposited ELTO layer is adjusted to match the lattice constant
of the substrate. A mismatch in lattice constant between thin ELTO films and the sub-
9
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Figure 2.6: The resistivity of bulk ELTO at low temperatures. By increasing the magnetic field,
the kink will smooth out. The inset shows the field dependence of bulk ELTO at 9 K. (Adapted
from T. Katsufuji and Y. Tokura, 1999, Ref. [16]).
strate induce an epitaxially tetragonal distortion, which should split the t2g band de-
generacy of the Ti 3d electrons [5]. The choice of substrate is therefore important to
reduce side effects arising from the epitaxial strain. The best suitable substrate for de-
position epitaxial thin ELTO films is SrTiO3 (STO), since the lattice constant of STO and
ELTO are almost identical, 0.391 nm [28] and 0.3909 nm [27], respectively.
2.2.4 A different phase of ETO
It is known that the Eu2+ ion can oxidize to the Eu3+ ion [30], according to the follow-
ing oxidation reaction:
2EuTiO3−δ + (δ+ 0.5)O2 → Eu2Ti2O7 . (2.4)
The δ in this oxidation reaction is called the oxygen nonstoichiometry parameter. This
parameter indicates an oxygen deficient or an oxygen excess in ETO, which change
its structure slightly. Oxidized ELTO (Eu2Ti2O7) can order in different phases, but the
stable phase of Eu2Ti2O7 is the pyrochlore structure. The pyrochlore structure is cubic
at room temperature (space group F3dm) [31].
Eu2Ti2O7 can be synthesized by high-pressure techniques or by heating in air [29].
By heating in air, ETO becomes first amorphous until a temperature of 650 °C. At 750
°C, a Eu2Ti2O7 layered perovskite is formed. This layered perovskite structure consists
of separate layers of the perovskite structure which are connected by oxygen octahed-
rons BO6 [29]. Around 900 °C the pyrochlore structure is formed. ETO is thus sensitive
to oxidation of the Eu ions. See figure 2.7 for this procedure. The formed Eu2Ti2O7 is
10
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Figure 2.7: (a) The synthesizing of the pyrochlore structure Eu2Ti2O7 by heating EuTiO3 in air.
In (b) from top to bottom, first the perovskite structure EuTiO3 becomes amorphous. Then
layered perovskite Eu2Ti2O7 is formed at 750 °C. And at 900 °C, the pyrochlore structure of
Eu2Ti2O7 is formed. (Adapted from Henderson et al., 2007, Ref. [29]).
insulating [32].
Also, LaTiO3 can oxidize like ETO by a similar oxidation reaction as equation (2.4).
However, the stable structure of LaTiO3 is the layered perovskite structure, which is
also cubic at room temperature [31]. Therefore, (Eu0.9La0.1)2Ti2O7 is a biphase of the
layered perovskite structure and the pyrochlore structure [31]. (Eu0.9La0.1)2Ti2O7 is ex-
pected to be insulating since there are no itinerant electrons in the Ti 3d band, similar
to ETO. Doping with La3+ does not introduce electrons in the 3d band of Ti since the
Ti is still tetravalent in (Eu0.9La0.1)2Ti2O7. In conclusion, it is important to avoid the
forming of the pyrochlore (and layered perovskite) structure (Eu0.9La0.1)2Ti2O7, since
the insulating pyrochlore (and layered perovskite) ELTO will increase the resistivity of
the ELTO films and also suppress the anomalous Hall effect.
11

CHAPTER 3
METHODOLOGY
In this chapter, all used methods and materials are described. An off-axis sputtering
technique will be used to deposit thin Eu0.9La0.1TiO3 (ELTO) films on the substrates
SrTiO3 (STO) and (LaAlO3)0.3-(Sr2Al TaO6)0.7 (LSAT). The termination procedure of
the substrates will be given in this chapter. The surface structure of the ELTO films
and the substrates are analyzed with an atomic force microscope (AFM). Furthermore,
X-ray diffraction (XRD), X-ray reflectivity (XRR) and magnetotransport measurements
are described, and the use of these techniques will briefly be discussed in this chapter.
3.1 Substrates
A substrate is a material which is used to deposit the films onto. There are many com-
mercially available substrates. The substrates STO and LSAT are chosen to minimize
the mismatch between the lattice constant of the substrates and the thin ELTO films,
to avoid side effects due to epitaxial strain. Even more, STO and LSAT are both non-
conducting and are not ferromagnetic which means that they do not contribute to the
AHE. The properties and the reason of usage of these two substrates are explained
below in the subsections SrTiO3 Substrates and LSAT Substrates.
3.1.1 SrTiO3 Substrates
Since the interest towards the thin ELTO films arose from the two-dimensional electron
gas interface conductivity between LAO/ETO/STO, commercial STO(100) (SrTiO3,
5x5x0.5 mm, lattice constant: 0.391 nm [28]) substrates of CrysTec GmbH are used.
STO is very similar to ETO, because STO has the same cubic perovskite structure as
ETO. The Sr ions are like the Eu ions divalent and the Ti ions are also tetravalent. Fur-
thermore, STO and ETO are both quantum paraelectrics at low temperature [33]. The
lattice constant of STO is 0.391 nm which is almost identical to the lattice constant of
ELTO (0.3909 nm [27]). Therefore, by using an STO substrate, almost no strain will
be induced in the films. To be able to achieve a layer-by-layer growth of ELTO over
13
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(a) A terminated STO substrate. (b) Height profile
Figure 3.1: (a) An AFM scan of an STO substrate where the three point plane correction is used
to align the points of the terraces all at the same height. The height profile (b) is extracted along
the white line in (a). The measured average step size is 0.373 nm.
a larger area, it is important to prepare TiO2 terminated STO substrates. TiO2 termin-
ated STO has only the TiO2 layer of the perovskite at the surface, this is called B-site
termination. It is also possible to have an A-site (SrO) terminated surface. The TiO2
terminated surface is obtained by a combination of etching with buffered fluoric acid
(BHF) and annealing in oxygen. Below, the full process is described. This termination
procedure is based on the procedure described by T. Ohnishi et al. (2004) [34].
The first step is to clean the STO substrates with iso-propanol to remove most of the
”big dirt”. The small dirt is removed by sonicating in acetone for 5 min and in ethanol
for 5 min. After cleaning, the STO substrates are sonicated in Millipore water to oxidize
the Sr ions to SrO, Sr(OH)2, SrCO3, SrO2 and other Sr compounds on the surface of the
substrate. After, the STO substrates are etched with a buffered HF (BHF) solution. BHF
is used for removing the Sr oxides and for layer-by-layer etching of the STO surface,
since bulk STO is dissolved by BHF [34]. After, the STO substrates are heated up to
950 °C in an oxygen flow of 100 cc/min to create sharp steps by recrystallization of the
STO substrates [35].
To check if the STO substrates are terminated, an atomic force microscope (AFM)
of JPK is used (JPK00553 NanoWizard® 4, software version 6.0.72). Figure 3.1a shows
the AFM image of a terminated STO substrate. Figure 3.1b shows the profile extracted
from the AFM image with the calculated step height. The average step height is cal-
culated by first taking the average height of the terraces and then taking the difference
between them. According to this calculation, the average step height is approximately
0.4 nm when measuring multiple STO substrates, which is close to the lattice constant
of STO (0.3905 nm). This substrate is well terminated and can be used for depositing
ELTO.
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One disadvantage of the STO substrates is the forming of oxygen vacancies at high
temperatures. Due to these oxygen vacancies, the STO substrates become conduct-
ing [36]. These oxygen vacancies can be restored by using an annealing procedure
in oxygen. However, in the case of the deposition of ELTO, this annealing procedure
in oxygen was not a good approach, as will be discussed in the chapter Results and
Discussion.
3.1.2 LSAT Substrates
By changing the substrate to LSAT, the oxygen vacancies problem of the STO substrate
is solved. A commercial LSAT(100) ((LaAlO3)0.3-(Sr2AlTaO6)0.7, 5x5x0.5 mm, lattice
constant: 0.387 nm[28]) of CrysTec GmbH is used as a substrate. LSAT does not suffer
from oxygen vacancies at high temperatures. LSAT is also a perovskite oxide, similar to
ETO, ELTO, and STO. Using LSAT as a substrate, epitaxial strain will be induced since
the lattice constant of LSAT does not match perfectly with the lattice constant of ELTO.
The in-plane constant is shorted to match the lattice constant of LSAT, and therefore the
out-of-plane lattice constant is extended to 0.3940 nm. This lattice distortion changes
the structure of the ELTO films from cubic to tetragonal. Therefore, the t2g band of
the Ti 3d electrons is split [5]. Fortunately, the epitaxial strain induced in the ETO
films on LSAT was not high enough to create ferromagnetic ETO [13]. Therefore, if the
ELTO films are found to be ferromagnetic, this will not be caused by the epitaxial strain
induced in the ELTO film.
To be able to achieve layer-by-layer growth, the LSAT substrates must be A-site or
B-site terminated. However terminated LSAT is hard to obtain. Several procedures of
annealing were used to obtain terminated LSAT substrates, but none of the substrates
were perfectly terminated. One of the used termination procedures for LSAT is the
procedure described by Shkabko et al. (2013), the LSAT substrate is annealed in air at
950 °C for 4 hours and cooled down in a natural way [6]. This termination procedure
did not yield the desired terminated surface. Therefore, another termination procedure
was used which gave a better terminated surface. The substrates were first cleaned
with iso-propanol and sonicated for 5 min in acetone as well as in iso-propanol. After,
the substrates were mounted inside the off-axis sputtering system. Directly after the
baking procedure of the silver paste, the substrates were annealed in vacuum ( < 10−6
mbar) at 850 °C. In figure 3.2 an AFM height scan of a commercial LSAT substrate
and an annealed LSAT substrate are shown to indicate the influence on the surface
structure by this annealing process. The LSAT substrate as received did not show very
sharp steps, the steps heights vary between 0.32 nm and 0.38 nm, which is slightly less
than the lattice constant of LSAT. Due to the annealing procedure, the steps became
sharper and the steps varied between 0.31 nm and 0.41 nm. However, the AFM lock-in
phase became less homogeneous compared to the AFM lock-in phase
15
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(c) LSAT substrate after annealing.
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(e) Height profile, as received. (f) Height profile, annealed.
Figure 3.2: AFM height scans of a commercial substrate as received (a) and after annealing (c),
with corresponding Lock-in phase scan in (b) and (d). The extracted height profiles along the
white lines of (a) and (c) are shown in (e) and (f), respectively.
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of the LSAT substrate as received, as seen in figures 3.2b and 3.2d. Therefore, the
described termination procedure obtains sharper steps but the chemical composition
became less homogeneous.
3.2 Off-axis Sputtering
A radio-frequency off-axis geometry magnetron sputtering technique is used for de-
position of the thin ELTO films. The used off-axis sputtering system is a replica of the
off-axis sputtering system of the Triscone Group at the University of Geneva. ’Off-
axis’ refers to the geometry of the plasma and the substrate, as shown in figure 3.3a.
Depositing thin ELTO films with an off-axis sputtering technique has not yet been re-
ported in the literature. Therefore the sputter parameter (deposition time, substrate
temperature, the pressure inside the chamber, composition of the reactive gas (Ar/O2)
and the power of plasma) needs to be optimized to obtain the desired conducting and
ferromagnetic thin ELTO films. In figure 3.3a a schematic overview of the chamber is
shown. As displayed in this figure, the substrate is located 90° with respect to the axis
of the
(a)
(b)
Figure 3.3: (a) A schematic overview of the used off-axis sputtering chamber. The rotary pump
and the turbo pump creates a high vacuum (< 2 · 10−7 mbar). The targets are cooled with
water. Computer software controls the butterfly valve which can control the pressure inside
the chamber, and controls inputting and controlling the gas flow. A temperature controller
stabilizes the temperature of the heater. An RF generator and a matching unit control and ignite
the plasma. The shutters protect the substrate during pre-sputtering and the targets which are
not in use. (Reprinted with permission from C. Yin MSc, 2017.) (b) A photo of the commercial
ELTO used target. The target has changed color during sputtering. Plasma is only ignited in
the light gray colored ring.
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plasma. The direct distance between the substrate and the target is 8.75 cm (horizontal
= 4.5 cm, vertical = 7.5 cm). An advantage of this geometry is the slow deposition
rate, which makes it possible to have a layer-by-layer growth. The typical deposition
rate of ELTO for the used off-axis sputtering technique is between 0.1 nm/min and 0.4
nm/min, while the on-axis sputtering technique can achieve rates of 20 nm/min or
higher.
The substrate is mounted with a commercial silver paste (SPI Supplies, PA, USA)
on top of the heater which can heat the substrate up until 900 °C. Before sputtering, a
silver complex between the substrate and the heater is formed by a baking procedure
(200 °C for 60 min, with a rate of 5 °C/min). Once the silver complex is formed, the
substrate can be heated up to the melting point of silver.
The shutter before the heater/substrate is used to cover the substrate during pre-
sputtering. It is possible to have four different targets mounted inside the system (only
two are shown in fig. 3.3a), therefore shutters are needed to cover the targets which are
not in use. The targets are mounted with silver paste on a copper plate, which is kept
in place by a permanent magnet. A commercial target Eu0.9La0.1Ti1.0O3.0 (purity> 99.9
%) is used to deposit the thin ELTO films (see figure 3.3b). The color of the target has
changed during sputtering. The plasma was only ignited in the gray ring.
Plasma is ignited by a radio-frequency generator and a matching unit. The operat-
ing range of the plasma is between a total pressure of 6.7 · 10−4 mbar and 0.80 mbar
[37]. However, plasma can only be ignited above 1.0 · 10−2 mbar. To use a lower pres-
sure than 1.0 · 10−2 mbar, one must first ignite the plasma above this pressure and
lower the pressure while the plasma is ignited. After depositing the ELTO films at the
low pressure of 5.1 · 10−3 mbar, the target was cracked.
3.3 X-ray diffractometer
X-ray reflectometry (XRR) is used to determine the thickness of the films. XRR make
use of reflections of X-rays under a small angle. Increasing this angle will create os-
cillations due to a critical angle, which depend on the mass density and the thickness
of the film. The number of oscillations is proportional with the thickness of the films.
In figure 3.4a an XRR measurement is shown for a thin ELTO film of 10.2 nm on an
STO substrate. A Siemens D5005 diffractometer with Cu Kα (λCuα1 = 0.1540598 nm,
λCuα2 = 0.1544426 nm) radiation is used for the XRR measurements. To fit the data,
the mass density of ELTO ρELTO is required. The mass of one unit cell is calculated by
multiplying the standard atomic weight M(i) of each element i by the unified atomic
mass unit u and by number of atoms in one unit cell. The density of ELTO ρELTO is
calculated by dividing the mass of one unit cell by the lattice constant a = 0.3909 nm
[27] to the third power.
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(a) XRR measurement of NS17027-2 (b) XRD measurement of YL 16-5 1
Figure 3.4: (a) An XRR measurement for a thin ELTO film on STO. The black line represents
the raw data, the red line represents the fit. The thickness is calculated by the periods of the
osculations. This film has a thickness of 10.2 nm. (b) XRD measurements for a 21.2 nm ELTO
film on LSAT (upper graph) and for an annealed LSAT substrate (lower graph). As seen in the
insets which are zoomed regions, no different peaks other than the peaks corresponding to the
substrate could be observed in the thin ELTO film.
ρELTO =
0.9 ·M(Eu) · u + 0.1 ·M(La) · u + Ti + 3 ·M(O) · u
a3
(3.1)
The calculated density of ELTO is ρELTO = 6.867 g/cm3. Using the same formula for
EuTiO3 results in a density of ρETO = 6.908, while the theoretical density of EuTiO3 is
reported to be as ρETO,theory = 6.914 g/cm3 [38]. Therefore, this formula gives a good
estimation of the density of ELTO.
X-ray diffraction is used to determine the crystal structure of the films. A PAN
analytical diffractometer was used to perform XRD measurements. In figure 3.4b an
XRD measurement of a 21.2 nm ELTO film on a LSAT substrate (upper graph), and
an XRD measurement for a annealed LSAT substrate (lower graph) are shown. The
peaks at the positions θ are described by Bragg’s Law, 2dsinθ = nλ. In this law, d
is the distance between the different layers of the crystal structure, which relates to
the lattice constant a by d = a/
√
h2 + k2 + l2, where h, k and l are the Miller indices.
The used wavelength λ of the X-rays is Cu Kα radiation. The positions θ of the peaks
depends mainly on the lattice constant a. Due to almost no lattice mismatch between
ELTO and STO, no peaks of the ELTO films could be distinguished with the peaks
of the STO substrate. Even more, the peaks of the ELTO film on LSAT substrates is
also hard to distinguish with the used X-ray diffractometer. One of the reasons is that
the LSAT substrate is five orders of magnitude thicker than the film. Therefore, the
intensity of the peaks corresponding to the LSAT substrate are much higher than the
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intensity of the peaks corresponding to the thin ELTO film. Another future of the XRD
measurements is the degree of amorphousness. The intensity of the peaks in the XRD
measurements depends mainly on the amount of crystalline layers. A polycrystalline,
and amorphous materials would result in multiple low-intensity peaks. See figure 2.7b
for an XRD measurement of amorphous bulk EuTiO3 (500 °C and 650 °C). Crystalline
bulk EuTiO3 is shown at the top, the numbers near the peaks indicate the different
orientations (hkl) of the crystal planes.
3.4 Magnetotransport measurements
Magnetoresistance, electrical resistance and Hall resistivity were measured in the van
der Pauw geometry with a commercial physical property measurement system (PPMS
from Quantum Design). The operational temperature range is between 2 K and 400
K, with a temperature stabilization of 200 mK. The maximum strength of the magnetic
field is 9 T. A schematic overview of the used van der Pauw geometry is represented in
figure 3.5a. Scratches were made to obtain only a conduction path through the center
of the film. In total 20 aluminum wires were bonded on each measured sample, 5
bonds per corner as shown in figure 3.5b. In this geometry, the resistivity of the film
is calculated by measuring the the voltage over the connections i and j and divide the
measured voltage by the applied current over the connections k and l, Rij,kl = Vij/Ikl.
After, the horizontal resistance Rhorizontal and vertical resistance Rvertical is calculated,
as in the orientation showed in figure 3.5a.
Rvertical =
R12,34 + R34,21 + R21,43 + R43,21
4
(3.2)
Rhorizontal =
R23,41 + R41,23 + R32,14 + R14,32
4
(3.3)
Using these two resistances, the sheet resistivity of the film is calculated by making use
of the van der Pauw formula,
exp
(
−piRvertical
RS
)
+ exp
(
−piRhorizontal
RS
)
= 1 . (3.4)
The Newton-Raphson algorithm is used in order to solve the van der Pauw formula
numerically.
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(a) (b)
Figure 3.5: (a) Schematic overview of the van der Pauw geometry. (b) A photo of the sample
NS170521-2 which is mounted on a back gate puck.
The Hall voltage can be calculated by measuring the voltage over points i and j for
using a magnetic field in the positive direction, and in the negative direction. Then the
voltage between the points i and j is calculated by taking the difference between the
voltage measured with a positive field (+) and the voltage measured with a negative
field (−), Vij = Vij,+ − Vij,−. Repeating this for every side of the sample, the Hall
voltage is calculated by averaging over all sides,
VH =
V13 +V24 +V31 +V42
8
. (3.5)
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CHAPTER 4
RESULTS AND DISCUSSION
In this chapter, the main results are given and discussed. The biggest part of the project
was deposition of the ELTO films and analyzing them with an atomic force microscope
(AFM). In total 23 samples were made. There were 14 samples of thin ELTO films on
STO, 7 samples of thin ELTO films on LSAT and 2 samples of LAO/ELTO films on STO.
Three thin ELTO films on STO are conducting, and none of the ELTO films on LSAT
are conducting. Conduction was checked by measuring the resistance of the films with
a multimeter.
Magnetotransport measurements were performed with a temperature range from
2 K to 300 K, and a field range from -9 T to +9 T.
In order to enhance conductance of the non-conducting films, four methods were
applied: (1) Ar-ion beam etching, (2) a redox reaction with aluminum and (3) anneal-
ing in vacuum at high temperature, were all not able to obtain well-conducting films.
However, (4) depositing LaAlO3 on top of the thin ELTO film did result in a highly
conducting film which showed a signature of the AHE at a temperature of 3 K.
For all deposited films, the sputter parameters are given in table 4.1. All atomic
force microscope (AFM) scans of the films are shown in the Appendix with the corres-
ponding lock-in phases.
4.1 Optimizing sputter parameters
4.1.1 Thin ELTO films on STO substrates
Since Takahashi et al. (2009) used a substrate temperature of 960 °C for depositing the
thin ELTO films using a pulsed laser deposition technique [5], a substrate temperature
of 850 °C was used to deposit the ELTO film (the maximum temperature of the heater
is 900 °C). This ELTO film was grown in argon with a pressure of p[Ar] = 0.20 mbar
for 120 min (Takahashi et al. used an argon pressure of 0.24 mbar). Using these high
temperatures, oxygen vacancies will arise in the STO substrates. Therefore, the sample
was post annealed in an oxygen pressure of 1.0 mbar to restore the oxygen vacancies.
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# Sample
Name
Sub. T (°C) t (m:s) p (mbar) Annealing R (kΩ) Thickness
(nm)
Growth rate
(nm/min)
Remarks
1 YS 28-2 2 STO 850 120:00 0.20 p[O2]=1.0 mbar at 600
°C for 60 min
- Bad surface
structure
2 YS 28-3 2 STO 850 120:00 0.20 - 45± 5 0.33± 0.04
3 YS 28-3 1 STO 650 120:00 0.20 -
4 YS 28-2 1 STO 650 120:00 0.050 -
5 YS 11-4 3 STO 540 60:00 0.20 - 23.4± 1.5 0.45± 0.05
6 YS 11-4 2 STO 540 40:00 0.050 -
7 YS 11-4 1 STO 540 60:00 0.20 p< 10−5 mbar at 850 °C
for 60 min
∼ 13 Bulk conducting
STO
8 YS 21-4 1 STO 650 40:00 0.050 ∼ 1000 10.2± 1.5 0.59± 0.04
9 YS 21-4 2 STO 650 40:00 0.10 ∼ 400
10 YS 21-4 3 STO 540 40:00 0.20 ∼ 150
11 NS17027-1 STO 540 30:00 0.20 - An O2:Ar ratio
of 2:3 was used
12 NS17027-2 STO 540 30:00 0.20 ∼ 500 10.2± 0.5 0.34± 0.02
13 NS17023-2 STO 540 60:00 0.20 - 7± 1 0.12± 0.02 An O2:Ar ratio
of 1:4 was used
14 YL 11-5 1 LSAT 29 29:25 0.20 -
15 YL 11-5 2 LSAT 540 29:25 0.20 p< 10−5 mbar at 850 °C
for 60 min
- Surface is
cracked
16 YL 16-5 3 LSAT 540 29:25 0.20 -
17 YL 16-5 1 LSAT 540 58:50 0.20 - 21.2± 1.5 0.36± 0.03
18 YL 18-5 3 LSAT 750 29:25 0.20 - 11± 1.5 0.37± 0.05
19 YL 16-5 2 LSAT 540 29:25 0.20 -
20 NS1705162 STO 540 29:25 0.20 Before sputtering in va-
cuum at 850 °C for 30
min
-
21 YL 18-5 4 LSAT 540 15 5.1 · 10−3 - 31.1± 2 2.1± 0.1
22 NS170521-2 STO 540 2:21 0.20 ∼ 10 ∼ 2 uc ELTO
700 11:16 0.18 ∼ 10 uc LAO
23 NS170521-3 STO 540 2:21 0.20 Cooling down in
p[O2] = 0.5 mbar from
700 °C to 70 °C
- ∼ 2 uc ELTO
700 11:16 0.18 ∼ 10 uc LAO
Table 4.1: In this table, all the parameters are given for all samples which were made. The
power of the RF generator was fixed at 50 W. The used reactive gas is argon, unless specified
under the column ’remarks’. The numbers in the first column represent the order of sputtering.
The abbreviations sub. and uc means substrate and unit cells, respectively. The resistivity was
measured using a multimeter. When the measured resistance exceeds the measuring limit of
40 MΩ, the films are reported as insulating (indicated by a - ). The thickness of the films is
measured using XRR.
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However, this annealing turned out to destroy the surface of the ELTO film. Moreover,
no good surface structure was obtained without the annealing in oxygen (see Appendix
). Both films are insulating.
Clearly a substrate temperature of 850 °C did not result in a good surface structure.
Decreasing the temperature to 650 °C, however, resulted in a good surface structure,
as seen in figure 4.1a. The ELTO film was still insulating. Decreasing the argon pres-
sure to 0.050 mbar resulted in a similar surface structure and insulating ELTO film.
One of the explanations for the insulating films is the oxidation of the Eu2+ ion to
Eu3+, when the pyrochlore (Eu0.9La0.1)2Ti2O7 is formed. Takahashi et al. (2009) reported
that thick ELTO films (> 30 nm) consist of a mixture of perovskite ELTO and pyro-
chlore (Eu0.9La0.1)2Ti2O7. The used deposition time of 120 min resulted in films thicker
than 40 nm. Therefore, the deposition time was decreased to 60 min (thickness of 27
nm). Also, the substrate temperature was decreased to 540 °C. At the University of
Geneva, perovskite oxides, such as LaNiO3, were deposited using a substrate tem-
perature between 510 °C and 540 °C [7, 39, 40]. The 27 nm ELTO film deposited at a
substrate temperature of 540 °C resulted in a similar surface structure as the thicker
ELTO film at 650 °C, as can be seen in figure 4.1b. Despite the fact that the thickness
of the ELTO film is below 30 nm, the ELTO film was still insulating. Therefore, the de-
position time was further decreased to 40 min. Using an argon pressure of 0.050 mbar
resulted in a bad surface structure with mounts on the surface, as seen in figure 4.2a.
The AFM lock-in phase in figure 4.2b shows a phase difference between the mounts
and the ELTO film, indicating that the mounts are a different material than the under-
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Figure 4.1: AFM scans of ELTO films on STO for (a) a deposition time of 120 min and a substrate
temperature of 650 °C, which resulted in a thickness larger than 40 nm, and for (b) a deposition
time of 60 min and a substrate temperature of 540 °C, which resulted in a thickness of 27 nm.
Both films are insulating.
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Figure 4.2: AFM scans of ELTO films on STO for a deposition time of 40 min, a substrate
temperature of 540 °C, and an argon pressure of (a) 0.05 mbar and (c) 0.2 mbar. The white dots
in (a) have a different (b) lock-in phase, indicating that it is a different material. Film (a) is
insulating and film (c) has a resistance of about 150 kΩ, measured with a multimeter.
lying ELTO film. However, using an argon pressure of 0.20 mbar resulted in a good
surface structure as seen in figure 4.2c. Even more, this ELTO film is conducting and
has a resistance of 150 kΩmeasured with a multimeter.
To determine the influence of the deposition time on the surface structure, an ELTO
film was deposited at 650 °C in an argon pressure of 0.050 mbar for 40 min and com-
pared with the ELTO film sputtered for 120 min. It is found that the deposition time
of 40 min resulted in a bad surface structure similar to figure 4.2a. An explanation
could be that a deposition time of 40 min results in a transition between the two differ-
ent phases of ELTO, while a deposition time of 120 min results in thick enough films
which formed a stable mixture of the two phases, and therefore showing a good sur-
face structure. Even more, using T = 650 °C and p[Ar] = 0.10 mbar also resulted in a
similar bad surface structure (See the Appendix for all surface structures). Remarkably,
both samples show poor conductance, R = 1 MΩ and R = 400 kΩ for p[Ar] = 0.050
mbar and p[Ar] = 0.10 mbar, respectively, while the thicker ELTO films are fully insu-
lating.
Since a deposition time of 40 min resulted in three films with a bad surface struc-
ture, the deposition time was even further decreased to 30 min. This resulted in a
thickness of 10.2 nm (T = 540 °, p[Ar] = 0.20 mbar) (see XRR measurement in figure
3.4a). A deposition time of 30 min resulted in one conducting film (R = 500 kΩ) and
one insulating film, both showing a good surface structure.
To investigate the possibility of the pyrochlore ordering of the ELTO films, an XRD
measurement of a thick ELTO film, with an approximate thickness of 80 nm, was ana-
lyzed. No additional peaks beside the peaks of the STO substrate were observed. In-
dicating three possible scenarios: (1) the ELTO film is a single-crystalline perovskite
instead of the expected pyrochlore (Eu0.9La0.1)2Ti2O7 in thicker films, (2) the ELTO film
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is a mixture of both single-crystalline ELTO and pyrochlore (Eu0.9La0.1)2Ti2O7, which
has a too low intensity to detect, and (3) non-crystalline pyrochlore (Eu0.9La0.1)2Ti2O7
is formed, which also has a too low intensity to detect. Even more, XRD measurements
were also performed at thinner films of ELTO on STO. Also for these thin films, no ad-
ditional peaks were observed in the XRD spectrum, where the similar scenarios men-
tioned above holds for. Since only a few thin ELTO films are conducting, assuming the
high enough doping percentage of La in the thin films, it is not likely that the thin ELTO
films are single-crystalline, since then they should be conducting at room temperature.
However, no different peaks are observed other than the substrates. Therefore, the
XRD spectrum could not reveal whether the ELTO film is ordered as a crystalline per-
ovskite or as the pyrochlore structure.
Most of the STO substrates turned into a grayish color since no annealing proced-
ure in oxygen was performed on the STO substrates. This indicates oxygen vacancies
inside the STO substrates which make it conducting. All conducting samples have a
grayish or even blackish color, therefore no distinction can be made between the con-
ductivity of the thin ELTO film or conductivity of the STO substrate. Samples which
were annealed in oxygen or deposited in a mixture of argon and oxygen have all a
whitish color and are all insulating. These ELTO films are most likely ordered in a
mixture of the conducting perovskite and the insulating pyrochlore (Eu0.9La0.1)2Ti2O7,
due to the excess of oxygen during the growth of the ELTO films.
4.1.2 Thin ELTO films on LSAT substrates
A switch to the substrate LSAT was made since the STO substrates suffer from oxygen
vacancies. For depositing the thin ELTO films on LSAT, the parameters which resulted
in a 10 nm conducting ELTO film on STO with a good surface structure were used (T =
540 °C, p[Ar] = 0.20 mbar, t = 29m25s). The thickness of the ELTO films on LSAT was
roughly 11 nm for a deposition time of 29 min and 25 sec, indicating that the growth
rate on LSAT is slightly higher (see table 4.1). It was found that all ELTO films on the
LSAT substrates are insulating. Increasing the substrate temperature to 750 °C resulted
in a similar surface structure as for a substrate temperature of 540 °C. Furthermore,
decreasing the pressure to 5.1 · 10−3 mbar also resulted in a similar structure. Therefore,
pressure and temperature did not influence the surface structure too much. None of
the variations of the substrate temperature and the pressure did result in a conducting
film.
The termination of LSAT has a big influence on the surface structure of the ELTO
films, as can be seen in figures 4.3b and 4.3c. In this two figures, both ELTO films were
deposited with the same sputter parameters (T = 540 °C; p[Ar] = 0.2 ; t = 29m25s). The
only difference between the two samples is the terminating procedure of LSAT. As
termination procedure, sample YL 16-5 3 was annealed in vacuum at 850 °C for 60 min
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Figure 4.3: AFM scans of ELTO films on LSAT. The used sputter parameters are T = 540 °C, t =
29m25s, p[Ar] = 0.2 mbar. (a) Cracked surface of the ELTO film, after annealing the ELTO film
in vacuum at 850 °C for 60 min. (b) LSAT substrate was annealed in vacuum at 850 °C for 60
min to obtain a terminated surface. (c) LSAT substrate was annealed first in air at 1050 °C for 10
hours and after in vacuum at 850 °C for 60 min to obtain surface termination. All three ELTO
films are insulating. Figures (d), (e) and (f) are the corresponding AFM lock-in phase scans for
(a), (b) and (c), respectively.
and sample YL 16-5 2 was annealed in air at 1050 °C for 10 hours, and after annealed
in vacuum at 850 °C for 60 min. The difference in terminating procedure gave a dif-
ference in the surface structure of the substrates. This resulted in two different surface
structures of the ELTO films as seen in figures 4.3b and 4.3c. In figures 4.3e and 4.3f
the corresponding lock-in phase is shown. As seen in 4.3f, the surface contains a lot
of different phases indicating that there are different materials on top of the thin ELTO
film. Possible materials could be europium oxides or titanium oxides.
XRD measurements were performed on ELTO films in order to determine the crys-
tal structure. Since the lattice mismatch between LSAT and ELTO is−0.9%, the crystal-
line peaks of LSAT and ELTO should arise at a different position. However, we were
not able to distinguish between the peaks LSAT and ELTO (see figure 3.4b). Possible
explanations are (1) the lattice constant of ELTO is adjusted to the lattice constant of
LSAT, inducing epitaxial strain in the ELTO film, (2) ELTO is single-crystalline, whose
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peaks could not be distinguished from the peaks from the LSAT substrate, or (3) a mix-
ture of perovskite ELTO and pyrochlore ELTO is formed, and these peaks have a too
low intensity to detect. Therefore, the assumption of the forming of a pyrochlore struc-
ture is neither confirmed or rejected.
Comparing the found sputter parameters with the used deposition parameters of
Shkabko et al. (2013) [6] and Takahashi et al. (2009) [5], we found a much lower substrate
temperature of 540 °C instead of the reported 800 °C and 960 °C. Even more, we depos-
ited the thin ELTO films in argon with a pressure of 0.20 mbar instead of the mixture
of Ar(96%)/H2(4%) used by Shkabko et al. with a pressure of 4 · 10−4 mbar. However,
Shkabko et al. and Takahashi et al. did obtained well conducting ELTO films.
4.1.3 Study of enhancement of conductivity in ELTO films.
The oxygen pressure in the chamber is expected to have a great influence on the crystal
ordering of the deposited thin ELTO films. To verify that the ELTO films are not oxy-
gen deficient, two samples were deposited on STO in a mixture of argon and oxygen
(for ratios see table 4.1). Both films show a good surface structure (see figure 4.4a and
4.4b). When using an oxygen excess during the growth of the ELTO films, it is expec-
ted that the insulating pyrochlore structure is formed, and as expected both films are
insulating. By using a mixture of oxygen and argon as a reactive gas, the intensity of
the plasma is less if compared with the intensity of the plasma for pure argon. This
resulted in a growth rate of 0.12 nm/min, three times lower than the growth rate when
using pure argon (0.34 nm/min) as reactive gas at the same substrate temperature and
total pressure.
Since an oxygen rich environment results in insulating ELTO films, it is most likely
that there is an excessive amount of oxygen during deposition of the thin ELTO films,
which results in the insulating pyrochlore structure. Therefore, several possible ways
to reduce the amount of oxygen in the films were studied. First, the films were an-
nealed in vacuum at 850 °C to defuse the oxygen out of the ELTO films. Annealing a
ELTO film on LSAT for 60 min at 850 °C resulted in an insulating film with a cracked
surface as seen in figure 4.3a. Annealing a ELTO film on LSAST for 30 min at 800 °C
in vacuum resulted in a good surface structure similar to the ELTO film as deposited.
However, the film is still insulating despite the good surface structure. Only LSAT
substrates can be used for this vacuum annealing procedure since the STO substrates
become bulk conducting after annealing at these high temperatures. In conclusion, an-
nealing in vacuum does not achieve conducting ELTO films and can only be performed
on LSAT substrates.
In order to verify an excess of oxygen inside the thin ELTO films, an oxygen defi-
cient STO substrate was used to deposit the thin film of ELTO. It is expected that the
oxygen vacancies inside STO will adopt some of the oxygen during depositing of the
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Figure 4.4: AFM scans of ELTO films on STO. A gas mixture of oxygen and argon of (a) 2:3 and
(b) 1:4 is used when depositing the films. Both films are insulating. The corresponding lock-in
phase is shown in (d) and (e). (c) A damaged surface due to Ar etching with corresponding (f)
lock-in phase. This film did not become conducting after Ar etching.
ELTO film. An oxygen deficient STO substrate was created by annealing the STO sub-
strate at 850 °C for 30 minutes in vacuum. However, after depositing 10 nm of ELTO
on this oxygen deficient STO substrate, the sample was fully insulating, indicating that
there is an excess of oxygen inside the thin ELTO films due to the relatively high oxy-
gen vapor pressure produced by the plasma of the target.
Another method to decrease the amount of oxygen inside the ELTO films is by
depositing a layer of 0.2 nm aluminum on the thin ELTO film. Due to a redox reaction,
the oxygen in the ELTO film is bound to the aluminum to form Al2O3. A 0.2 nm layer
of aluminum is reported to result in a fully oxidized insulating film [41]. This method
is applied to a thin ELTO film on an STO substrate as well as for a thin ELTO film
on a LSAT substrate. Both films became poorly conducting, the resistance measured
by a multimeter is in the order of 1 MΩ. A remark has to be made, the conductance
could be induced by the non-oxidized aluminum atoms. Aluminum is deposited by
the Z400 sputtering system which is an on-axis sputtering system. Due to the high
growth rate of the Z400, aluminum was deposited for only 5 seconds. It is possible
that the aluminum atoms are deposited not on top of the films but inside the films,
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since the Z400 bombards the surface of the thin ELTO films with aluminum atoms.
It was not possible to perform measurements to determine the exact thickness of the
aluminum (-oxide) layer. It could be possible that there are some thicker parts of the
deposited aluminum film which are not fully oxidized. Again no distinction can be
made between the conducting non-oxidized aluminum atoms or the thin ELTO film.
Even more, the resistance of the film is still three orders higher, after depositing 0.2 nm
aluminum, than the thin ELTO films deposited by pulsed laser deposition [5]. As a
conclusion, depositing aluminum on the thin ELTO films is an unreliable method for
enhancing the conductance of the ELTO films.
A last attempt to enhance the conductance of the thin ELTO films is by etching the
films in a low-intensity Ar-ion plasma [42]. The film was etched for a total time of
3 minutes and 50 seconds. The insulating sample did not become conducting after
etching with an Ar-ion beam. As a result of the Ar-ion beam, the terraces of the ELTO
thin films were almost fully destroyed. In figure 4.4c a thin ELTO film on STO is shown
which is etched in an Ar-ion beam. As seen in this figure, the surface became rougher
and the terraces became less sharp. Even more, the structure is full of mounts of a
different material as seen in figure 4.4f. In conclusion, Ar-ion beam etching was not
able to achieve conducting ELTO films and even destroyed the good surface structure
of the thin ELTO films.
4.1.4 LAO/ELTO thin films on STO
An final experiment was done to investigate the influence of a thin film of LaAlO3
(LAO) on top of the thin ELTO film, similar to the paper of Stornaiuolo et al. (2015)
[4]. Intermixing of La ions between the LAO film and the ELTO film is expected. Even
more, due to the aluminum ions, oxygen in the ELTO film is expected to be reduced.
For this experiment, roughly 2 unit cells (0.8 nm) of ELTO were deposited on the STO
substrate. After, roughly 10 unit cells (4 nm) of LAO was deposited on the 2 unit cells
of ELTO. This resulted in a highly conducting film (R = 10 kΩ measured with a mul-
timeter, R = 110 Ω measured in the van der Pauw geometry). The total thickness of
the two film is expected to be roughly 4.8 nm, therefore no XRR measurements could
be performed with the available diffractometer to determine the thickness of the de-
posited films. In figure 4.5, the surface structure is shown, with corresponding lock-in
phase. As seen, this surface structure, of the top layer LAO, is rougher compared to
the thin ELTO films on STO. The used sputter parameters can be found in table 4.1.
Also, this STO substrate has become slightly grayish, which indicate oxygen va-
cancies and therefore the possibility of conducting STO. Another LAO/ELTO film was
deposited on STO using the same sputter parameters, but it was cooled down in oxy-
gen (p[O2] = 0.5 mbar) from 700 °C until 70 °C. This resulted in an insulating white
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Figure 4.5: AFM scans of LAO/ELTO films on STO. (a) Height profile of the LAO/ELTO film.
Vertically orientated terraces are poorly visible, indicated by the black guidelines for the eye.
The lock-in phase in (b) indicates a few mounts of a different material.
colored substrate. Again, annealing in oxygen resulted in an insulating sample similar
to the annealed thin ELTO films on STO. In this system of LAO/ELTO/STO, oxygen
plays also an important role in the conductance of the thin ELTO films.
4.2 Magnetotransport measurements
Magnetotransport measurements were performed only on four only samples: (1) a
ELTO film on STO with a resistance of 150 kΩ (YS 21-4 3) measured with a multi-
meter; (2) a ELTO film with a resistance of 400 kΩ (YS 21-4 2); (3) a thin ELTO film
on a fully conducting STO substrate (sample YS 11-4 1); (4) and the highly conduct-
ing LAO/ELTO films on STO (NS170521-2). Hall measurements were performed on
the thin ELTO films on LSAT, since none of the ELTO films on LSAT were conduct-
ing at room temperature (measured with a multimeter). Bulk and thin ELTO films are
reported to show a metallic behavior when cooling down (see figure 2.4) [5, 16]. It
was found that both conducting ELTO films on STO (samples YS 21-4 2 and YS 21-4
3) did not show the reported metallic behavior when cooling down. Because of the
high electrical resistance of the sample, excitation current was not stable. However, it
is still possible to see a general trend of increasing resistance with decreasing temper-
ature (see figure 4.6a). This is similar to the behavior of ETO (see the inset of figure
2.4). Therefore, the conducting sample is not due to the conductivity of the thin ELTO
films. Since Takahashi et al. (2009) reported metallic behavior even for a 1% La-doped
ETO film [5], it is expected that the conduction arises from the small amount of oxygen
vacancies in the STO substrates.
Sample YS 11-4 1 (fully conducting STO substrate), did show metallic behavior
when cooling down as expected [5] (see figure 4.6b). Since the STO substrate itself
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(a) YS 21-4 2 (b) YS 11-4 1
Figure 4.6: The sheet resistivity Rs as a function of the temperature T for (a) a thin ELTO film
on STO and (b) a thin ELTO film on a fully conducting STO substrate. The sheet resistance was
calculated by Rs = piR/ ln(2), where R is the measured resistance. The inset of (b) shows the
Hall resistance RH as a function of the magnetic field B.
also shows metallic behavior, no distinction could be made upon this Rs-T measure-
ment between the possible conducting ELTO film and the conducting STO substrate.
Furthermore, Hall resistance Rxy is measured as a function of the magnetic field B. As
seen in in inset of figure 4.6b, there is no signature of the AHE. It seems that only STO
contribute to the conductance and the ELTO films itself is too insulating. A remark has
to be made, the resistance is measured by dividing the voltage V12 between 1 and 2 by
the current I34 between 3 and 4, as in the geometry of figure 3.5a. This is done in order
to speed up the measurements. Moreover, since the high conductivity of the STO sub-
strate, it is questionable whether the van der Pauw geometry is suitable for this type
of measurement, since there will be 3D conduction paths, so scratching the film would
not prevent a current trough the sides of the film.
The LAO/ELTO films on STO (NS170521-2) showed a good metallic behavior when
cooling down (see figure 4.7). In contrast to the thin ELTO films deposited by pulsed
laser deposition on LSAT by Takahashi et al. (2009) [5], no sharp kink in the Rs-T meas-
urement is observed around TC = 8 K. Since Takahashi et al. also experienced the prob-
lem of the conduction STO substrates, they performed this type of measurements on a
LSAT substrate. This could explain the observed difference between these two meas-
urements. However, the role of LaAlO3 may not be neglected. Therefore, additional
research has to be done in order to determine this difference between the two Rs-T
graphs. Hall measurements were performed for this LAO/ELTO/STO sample as seen
in figure 4.9. It shows a signature of the AHE at 3 K and no signature of the AHE at 10
K, indicating that a ferromagnetic transition takes place between 3 K and 10 K, which
is in agreement with the reported Curie temperature for bulk and thin
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Figure 4.7: The sheet resistivity Rs as a
function of the temperature T for the thin
LAO/ELTO film on STO. The sheet resist-
ance was calculated by the Newton-Ramson
algorithm. This is a typical metallic behavior.
Figure 4.8: Longitudinal resistance Rxx as a
function of the magnetic field B at temperat-
ures of 3 K and 10 K.
Figure 4.9: Hall resistance Rxy as a function of magnetic field B of the thin LAO/ELTO films
on an STO substrate (sample NS170521-2). The dotted blue line along the second linear part of
the 3 K measurement intercept the y-axis above zero, this is a signature of the AHE. The green
line along the 10 K measurement intercepts the y-axis below zero.
ELTO film. Even more, the observed AHE signature indicates that the ELTO film is
conducting. However, further investigation is required to determine how much the
STO substrate contributes to the measured conductivity. Further measurements need
to be performed in order to determine the exact Curie temperature and to show mag-
netoresistance and Hall effect hysteresis, which will be an evidence of the AHE. At
both temperatures 3 K and 10 K, no negative magnetoresistance is observed for the
LAO/ELTO/STO system (see figure 4.8).
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CONCLUSION
In conclusion, the off-axis geometry sputtering technique can be used to deposit thin
ELTO (Eu0.9La0.1TiO3) films with a good surface structure. However, these thin ELTO
films are insulating, except for a few ELTO films on STO substrates. This conductivity
of the ELTO films on STO is expected to be induced by the oxygen vacancies inside
the STO substrates. Thin ELTO films deposited on STO substrates by pulsed laser de-
position also resulted in STO substrates which suffer from metallic conduction [5]. In
contrast to the pulsed laser deposition technique [5, 6], the off-axis sputtering tech-
nique is not yet able to achieve conducting ELTO films on LSAT.
Thin ELTO films which were deposited in a mixture of argon and oxygen showed a
better surface structure compared to those which were deposited in pure argon. Des-
pite the better surface structure, these ELTO films are also found to be insulating.
Therefore, oxygen deficient ELTO films are not expected. It is more likely that there
is an excess of oxygen during the growth of the ELTO films, since the pyrochlore struc-
ture (Eu0.9La0.1)2Ti2O7 is formed due to the oxidation of the Eu2+ ions to Eu3+. Four
methods were applied in order to reduce to oxygen in the ELTO films to reestablish the
perovskite structure: (1) Ar-ion beam etching, (2) a redox reaction with aluminum and
(3) annealing in vacuum at a high temperature, were all not able to obtain well con-
ducting films. However, (4) depositing LaAlO3 on top of the thin ELTO film did result
in a highly conducting film which showed a signature of the AHE at a temperature of
3 K. Therefore, additional research has to be done in order to determine the influence
of LaAlO3 on the thin ELTO films.
It is found that the temperature of the substrate has only a small influence on the
growth rate. On the contrary, the pressure in the chamber has a big influence on the
growth rate. The growth rate varies between 2.1 nm/min and 0.36 nm/min for a pres-
sure of 5.1 · 10−3 mbar and 0.2 mbar, respectively. In general, a lower argon pressure
results in a higher growth rate due to the increase of mean free path of the free ions
inside the plasma. Furthermore, using a mixture of argon and oxygen results in a low-
intensity plasma with a relatively low growth rate of 0.12 nm/min.
XRD measurements were not able to determine whether the thin ELTO films are
single crystalline perovskite ELTO, a mixture of perovskite ELTO and pyrochlore
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(Eu0.9La0.1)2Ti2O7 or a pyrochlore structure. Even for thicker films, no peaks of the
pyrochlore structure were observed, which weakens the claim of insulating films due
to the forming of pyrochlore (Eu0.9La0.1)2Ti2O7.
Another explanation of the insulation ELTO films is a too low doping percentage
of La ions (below 4%), since the ELTO films do not have to have the same doping per-
centage of the used target. This is indirectly confirmed by the conducting LAO/ELTO
film on STO. Intermixing of La could increase the doping percentage of the thin ELTO
film.
It is also found that oxygen plays an important role during the growth of the thin
ELTO films. Therefore, additional research has to be done to determine the oxygen
vapor pressure during the growth of the thin ELTO films in the off-axis sputtering
chamber, and to determine the amount of oxygen inside the thin ELTO films.
5.1 Outlook
In order to have a better understanding of the insulating ELTO films, the exact com-
position of the films has to be investigated. Rutherford backscattering can be used to
determine the ratio between Eu and La inside the films. Thermogravimetric analysis
can be used for determining the oxygen contents of the ELTO films. A scanning trans-
mission electron microscope (STEM) could be used for studying the interface of the
thin ELTO films and the substrates STO and LSAT. And X-ray absorption spectroscopy
(XAS) or conversion electron Mo¨ssbauer spectroscopy (CEMS) are suitable for examin-
ation of the amount of Eu2+ and Eu3+ inside the ELTO films. Furthermore, the target
needs also be studied with XRD and Rutherford backscattering to gain more informa-
tion about the structure and composition of the target.
One suggestion to enhance the conductivity of the ELTO films is to make use of
additional reactive gases inside the chamber. Shkabko et al. (2013) used a mixture of 96
% Ar and 4 % H2 to deposit the thin ELTO layers with pulsed laser deposition on LSAT
[6]. They obtained well conducting ELTO films. Therefore, it is suggested to deposit
the ELTO films in a mixture of argon and hydrogen with the off-axis sputtering tech-
nique. Even more, using hydrogen in addition to argon and oxygen resulted in highly
conducting In–Sn–O films, while In–Sn–O films deposited in only a mixture of argon
and oxygen resulted in a six orders of magnitude higher resistivity [43]. Similar ex-
periments could be performed in order to enhance the conductivity in the ELTO films.
Furthermore, experiments could also be performed to anneal the thin ELTO films in a
mixture of argon and hydrogen. This method is reported to synthesize the perovskite
EuTiO3 by reducing the pyrochlore Eu2Ti2O7 at 1000 °C [29], as well amorphization of
ELTO [44].
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APPENDIX
In this appendix, all atomic force microscope (AFM) height scans and lock-in phase
are shown for each sample. The lock-in range is not always set to zero, since the color
gradient is used which has the best contrast between the different values in the lock-
in phase. Also, the AFM scans are shown for the Al deposited sample, Ar-ion beam
etched sample and the vacuum annealed samples. The sputter parameter or the etch-
ing/annealing procedure is given in the captions of the figures. The shown figures are
ordered according to table 4.1. In this table, a full list of all samples is provided.
200 nm
13.1 nm
0.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
(a) YS 28-2 2 Height
200 nm
97.4 deg
48.7
55.0
60.0
65.0
70.0
75.0
80.0
85.0
90.0
(b) YS 28-2 2 Lock-In Phase
Figure A.1: ELTO film on STO. T = 850 °C, p[Ar] = 0.20 mbar, t = 120 min. The ELTO film is
annealed in oxygen at a pressure of 1.0 mbar at 600 °C. The film is insulating.
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Figure A.2: ELTO film on STO. T = 850 °C, p[Ar] = 0.20 mbar, t = 120 min. The film is
insulating.
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Figure A.3: ELTO film on STO. T = 650 °C, p[Ar] = 0.20 mbar, t = 120 min. The film is
insulating.
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Figure A.4: ELTO film on STO. T = 650 °C, p[Ar] = 0.05 mbar, t = 120 min. The film is
insulating.
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Figure A.5: ELTO film on STO. T = 540 °C, p[Ar] = 0.20 mbar, t = 60 min. The film is
insulating.
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Figure A.6: ELTO film on STO. T = 540 °C, p[Ar] = 0.05 mbar, t = 40 min. The film is
insulating.
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Figure A.7: ELTO film on STO. T = 540 °C, p[Ar] = 0.20 mbar, t = 60 min. The ELTO film is
annealed in vacuum at 850 °C for 60 min. Due to the annealing in vacuum, the STO substrate
has become fully conducting. As seen in the lower part of the lock-in phase, a lot of noise
decreased the quality of the scan.
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Figure A.8: ELTO film on STO. T = 650 °C, p[Ar] = 0.05 mbar, t = 40 min. The resistance
measured with a multimeter is R ∼= 1 MΩ.
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Figure A.9: ELTO film on STO. T = 650 °C, p[Ar] = 0.10 mbar, t = 40 min. The resistance
measured with a multimeter is R ∼= 400 kΩ.
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Figure A.10: ELTO film on STO. T = 540 °C, p[Ar] = 0.20 mbar, t = 40 min. The resistance
measured with a multimeter is R ∼= 150 kΩ.
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Figure A.11: ELTO film on STO. T = 540 °C, an Ar:O2 ratio of 3:2 was used with a total pressure
of p = 0.20 mbar, t = 30 min. The film is insulating.
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Figure A.12: ELTO film on STO. T = 540 °C, p[Ar] = 0.20 mbar, t = 30 min. The resistance
measured with a multimeter is R ∼= 500 kΩ.
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Figure A.13: ELTO film on STO. T = 540 °C, an Ar:O2 ratio of 4:1 was used with a total pressure
of p = 0.20 mbar, t = 60 min. The film is insulating.
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Figure A.14: ELTO film on LSAT. T = 29 °C, p[Ar] = 0.20 mbar, t = 29 min 25 sec. The film is
insulating.
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Figure A.15: ELTO film on LSAT. T = 540 °C, p[Ar] = 0.20 mbar, t = 29 min 25 sec. The ELTO
film is annealed in vacuum at 850 °C for 60 min. The film is insulating.
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Figure A.16: ELTO film on LSAT. T = 540 °C, p[Ar] = 0.20 mbar, t = 29 min 25 sec. The film is
insulating.
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Figure A.17: ELTO film on LSAT. T = 540 °C, p[Ar] = 0.20 mbar, t = 58 min 10 sec. The film is
insulating. An artifact is seen in middle of the lock-in phase, which is caused by a hole in the
surface.
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Figure A.18: ELTO film on LSAT. T = 750 °C, p[Ar] = 0.20 mbar, t = 29 min 25 sec. The film is
insulating. The red/yellow lines in (b) are artifact caused by holes in the surface.
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Figure A.19: ELTO film on LSAT. T = 540 °C, p[Ar] = 0.20 mbar, t = 29 min 25 sec. The film is
insulating.
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Figure A.20: ELTO film on STO. T = 540 °C, p[Ar] = 0.20 mbar, t = 29 min 25 sec. The
STO substrate is annealed before depositing in vacuum at 850 °C for 30 min. The film is fully
insulating, indicating the oxygen excess during the growth.
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Figure A.21: ELTO film on LSAT. T = 540 °C, p[Ar] = 5.1 · 10−3 mbar, t = 15 min. The film is
insulating.
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Figure A.22: Roughly 10 unit cells of LaAlO3 (LAO) on top of roughly 2 unit cells of ELTO
on STO. Parameters for ELTO: T = 540 °C, p[Ar] = 0.20 mbar, t = 2 min 21 sec. Parameters
for LAO: T = 700 °C, p[Ar] = 0.18 mbar, t = 11 min 16 sec. The resistance measured with
a multimeter is R ∼= 10 kΩ. The resistance measured using the van der Pauw method is R =
140 Ω at room temperature.
200 nm
1.26 nm
0.00
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
(a) NS170521-3 Height
200 nm
66.19 deg
40.33
44.00
46.00
48.00
50.00
52.00
54.00
56.00
58.00
60.00
62.00
64.00
(b) NS170521-3 Lock-In Phase
Figure A.23: Roughly 10 unit cells of LaAlO3 (LAO) on top of roughly 2 unit cells of ELTO on
STO. Parameters for ELTO: T = 540 °C, p[Ar] = 0.20 mbar, t = 2 min 21 sec. Parameters for
LAO: T = 700 °C, p[Ar] = 0.18 mbar, t = 11 min 16 sec. The LAO/ELTO film on STO was
cooled down in an oxygen pressure of 0.5 mbar. The film is insulating.
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Surface structure after several applied methods
The sample NS17027-2 (ELTO on STO) is etched in an Ar-ion beam.
A 0.2 nm layer of aluminum is deposited at the sample NS1705162 (ELTO on STO).
The sample YL 16-5 3 (ELTO on LSAT) is annealed in vacuum.
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Figure A.24: The thin ELTO film on STO is etched in an Ar-ion beam for a total time of 3 min
and 30 seconds with an argon flow of 49 sscm. As seen, the surface is demolished. The ELTO
film was still insulating after the etching procedure.
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Figure A.25: A 0.2 nm layer of aluminum is deposited at the ELTO film in order to reduce the
oxygen amount in the ELTO film, by making use of the redox reaction between oxygen and
aluminum. After depositing, the sample showed a poorly conductance, with R ∼= 1 MΩ.
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Figure A.26: After depositing the thin ELTO film on a LSAT substrate, it is annealed in vacuum
(p < 10−6 mbar) at a temperature of 800 °C for 30 min.
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